Supercritical carbon dioxide (S-CO 2 ) gas turbines can generate power at high cycle thermal efficiency, even at modest temperatures of 500-550˚C, because of the markedly reduced compressor work near the critical point. Furthermore, the reaction between Na and CO 2 is milder than that between H 2 O and Na. A more reliable and economically advantageous power generation system could be achieved by coupling with a sodium-cooled fast reactor. At Tokyo Institute of Technology, numerous development projects have been conducted for development of this system in cooperation with JAEA. Supercritical CO 2 compressor performance test results were obtained as described herein. Maximum design conditions of the supercritical CO 2 test apparatus are 11 MPa pressure, 150˚C temperature, a 6 kg/s flow rate, and a rotation rate of 24,000 rpm. Different compressor design points are examined using impellers of three kinds. Then test data were obtained under steady-state conditions. The pressure ratio (compressor outlet pressure/inlet pressure) was obtained with the function of compressor rotation speed and the fluid flow rate. The data, reported herein for the first time, cover a broad region from sub-critical to supercritical pressures. No unstable phenomenon was observed in the area where the CO 2 properties change sharply. Results show that enthalpy rise needed to achieve the same pressure ratio near the critical point is smaller than in a sub-critical condition. Compressor test data were calculated using three-dimensional CFD code (CFX). Data of the pressure ratio vs. flow rate agreed with those implied by the fundamental compressor theory.
Introduction
The supercritical CO 2 gas turbine cycle was first proposed by Angelino (1) . The cycle can achieve high efficiency at a medium temperature (2) . Recently, much attention has been paid to this cycle as a result of increased development of turbo machinery and high-performance recuperators. Nuclear generation systems combining a sodium-cooled fast reactor with a super-critical carbon dioxide (S-CO 2 ) gas turbine system have been proposed (1) (2) (3) (4) (5) (6) (7) ; related papers have been prominent in the relevant literature (8, 9, 11, 13) . In such systems, compressors, turbines, and heat exchangers such as recuperators are key components. A compressor that operates near the CO 2 critical point is the most important component, but no description of such a compressor has been reported to data. In June 2007, a three-year project funded by the Ministry of Education, Culture, Sports, Science and Technology of Japan (MEXT) was begun at the Tokyo Institute of Technology. In this project, a small centrifugal compressor model was tested with operation near the CO 2 critical point. In recent years, a similar test project was undertaken at Sandia National Laboratories in the US; their test results were reported (13) (14) (15) . They used a small 38-mm-diameter impeller. However, the compressor performance digital data were not reported. Although our tests were done one year later, test data reported herein were obtained for three different impeller models, the diameters of which were 110, 76, and 56 mm. Moreover, all have different design points. The working regime includes different working areas from sub-critical to supercritical conditions. Therefore, much information was obtained to predict the compressor performance for an actual plant. The maximum test conditions were 9.6 MPa pressure and 150°C temperature, with a 6 kg/s flow rate. Compressor performance-test parameters were the rotation rate, pressure, temperature, and flow resistance of the test apparatus. Compressor performance data were analyzed using 3-D CFD code (CFX).
Supercritical CO 2 compressor Performance Test Apparatus
2.1 Outline of a sodium-cooled fast reactor supercritical CO 2 gas turbine system A sodium-cooled fast reactor supercritical CO 2 gas turbine system is presented in Fig. 1 . In a typical design, a reactor's thermal power, a turbine inlet pressure and an inlet temperature are, respectively, 600 MW, 20 MPa, and 527°C. The reactor core is cooled using liquid Na; high-temperature Na energy is transferred to supercritical CO 2 in a Na-CO 2 
Compressor
The compressor is a centrifugal type; the driving motor can change its rotation rate (11) . The impeller is very small because the CO 2 pressure is extremely high. Therefore, a can-type compressor is desired. Arrangement of the compressor installed in a pressure vessel is portrayed in Fig. 4 . The inlet CO 2 gas is introduced into the compressor from the left side and discharged to the outer plenum of the scroll. A rectangular shape is used for the scroll to reduce the external diameter. This structural arrangement has beneficial design features. 1) High-speed electric motor with a permanent magnet. The rotor surface is wrapped in thin permanent magnets. This structure obviates the electrical supply to the rotor magnet. Moreover, the structure is greatly simplified. The rotor is about 560 mm long with 68 mm diameter. 2) Single common rotor shaft for the impeller and motor. No connection exists between the impeller and the electric motor's rotor, which also simplifies the rotating structure.
3) Overhang impeller. The impeller is designed to reduce its weight. Therefore, the overhang structure induces no vibration problem. 4) Gas bearing. In such a small compressor, a gas bearing is a better selection than either an oil bearing or a magnetic bearing. In this case, the bearing surface must be specially coated. This technology has already been developed.
One impeller was set on the rotor end. Three different impellers (A, B, and C) were used for compressor performance testing. Table 1 shows the design conditions of these impellers. Impeller A dimensions are portrayed in Fig. 5 . The impeller is attached to the shaft tip by a screw. Impeller A has 16 blades, arranged as presented in Fig. 6 . Figure 7 depicts the fabricated impellers A, B, and C, made of forged aluminum alloy.
Items
Impeller Table 2 Dimensions of three impellers 
Test apparatus
The compressor performance-test apparatus, ca. 7 m long × 2.4 m wide, and 1.7 m high, is presented in Fig. 8 . The test apparatus operation method is shown. First, the test apparatus is evacuated using a rotary vacuum pump. Then, CO 2 is charged from the CO 2 cylinder to the test apparatus. The compressor should be operated at a low rotation rate (low flow rate) initially.
The test apparatus flow rate was controlled using the flow control valve. The heater and cooler control both the test loop and the compressor inlet temperature. The test loop pressure depends mainly on the CO 2 inventory. It is controlled roughly using the expansion valve; it is controlled finely using the pressure control valve. Much more CO 2 should be supplied when the pressure of the test apparatus is too low. However, when the pressure is too high, the CO 2 in the test apparatus should be purged. All control valves must be opened to avoid unstable flow when the compressor begins operations. When the CO 2 compressor operates, two-phase or liquid-phase flow should be avoided.
Test Experience and Results

Experience obtained through testing
In initial tests, the impeller side surface of the thrust bearing was damaged unexpectedly many times for reasons that remain unknown. However, the exerted pressure load to the bearing is a small difference in pressure between enormously large pressure loads to both sides. Therefore, the possibility exists that a load that is greater than the design load was exerted on the bearing at the transient time. This problem was nearly solved by improving the pressure balance line.
The second difficulty was achieving high pressure. The maximum pressure of commercial CO 2 cylinders is 6 MPa. The CO 2 is once charged into the auxiliary vessel provided with the heater. Then, the auxiliary vessel is connected to the main circuit and CO 2 is charged into the main circuit. When the pressure approaches 6 MPa, the charging flow stops; subsequently, the charge is continued by heating the vessel and vaporizing the liquid CO 2 . During the first test, this liquid CO 2 unexpectedly entered the compressor, thereby causing large oscillation and damping the thrust bearing. Thereafter, careful attention was devoted to the temperature control of all loop components. Then the piping and the problem were overcome. Nevertheless, charging to high pressure is very time-consuming work because the auxiliary vessel capacity is insufficient.
The last problem is the inverter capacity. The initially provided inverter did not function with the electric motor with the permanent magnet rotor. The inverter was replaced with one that was effective for such a permanent magnet rotor system. Because such commercially available inverters have limited capacity, the maximum rotation rate remains limited.
During test apparatus design, two bypass lines--an expansion-valve bypass line and a cooler and expansion-valve bypass line--were sought for safe operation and control 
Heater
Compressor purposes, and automatic control was intended, but these lines were not needed. Because the time constant of temperature change is very long, to keep the compressor inlet temperature constant, careful manual operation of a cooling water valve is better than automatic control.
Regarding pressure measurements, pressure gauges of the zero point are calibrated using atmospheric pressure and drift values between the compressor inlet and outlet pressure gauges. They were adjusted to be equal when the compressor was stopped. Pressure gauges received noise from the function of the inverter. For that reason, the systems of electric sources to pressure gauges and measurement line were separated from the system of the inverter electric source line. Temperature measurements and differential measurements receive little noise from the inverter function.
Test results
Compressor performance tests were done by changing the pressure, temperature, flow rate, and the compressor rotation rate. The compressor rotation rate was controlled by supplying electric voltage and frequency by an inverter. Main data obtained from the compressor performance test are the compressor rotation rate, inlet and outlet temperature, and pressure, flow rate, and supplied power. Typical data from tests done with impeller A, B, C are presented in Table 3 .
Regarding CO 2 properties near the critical point, entropy change, enthalpy change, density change, specific change, and the specific heat ratio change are much greater than the temperature change. Specific heat vs. temperature, entropy vs. temperature, and density vs. temperature are portrayed, respectively, in Figs. 2, 9 , and 10. Pressure changes as a parameter in these figures.
The main compressor working area is also shown in figs. 9 and 10. Test area surrounded with straight lines and supercritical area are shown in these figures. As Figs.9 and 10 show, experimental data cover a broad area from sub-critical to supercritical pressure. In addition, at 7-8 MPa, i.e., near the critical pressure, pressure contour lines are vertical to temperature. Therefore, in this area, a slight change of temperature value engenders a large change of values of entropy, enthalpy, and density, which causes difficulty of adiabatic efficiency calculations using measured temperature data. Figure 11 shows typical measured data, where loci of inlet/outlet pressure, inlet/outlet temperature, mass flow rate and rotor speed of compressor are drawn. In this case, the pressure starts at a sub-critical pressure and ends at the supercritical pressure and during the test, rotor speed was increased twice. Outlet pressure of compressor and mass flow rate were increased during increasing rotor speed, but outlet pressure and mass flow rate were constant and stable during constant rotor speed, even if compressor operating condition Figures 12 and 13 show the relationship of non-dimensional speed vs. non-dimensional flow rate and that of pressure ratio vs. non-dimensional flow rate, respectively. As the rotation rate increases, both the mass flow rate and the outlet pressure increase. The relationship of non-dimensional speed and non-dimensional flow rate is linear. The relationship of pressure ratio and non-dimensional flow rate is parabolic. Except for the data of impeller C, the data for 8 MPa overlap on those for 5 MPa. This fact means that the non-dimensional amounts are also effective for the supercritical pressure regime. The discrepancy observed for the impeller C is perhaps attributed to the difference of loop flow resistance because the opening of the expansion valve was not controlled strictly. Regarding impeller shape, the lines for the A-5MPa B-8MPa Table 4 The values of gas constant R
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Vol. 5, No. 1, 2011 impeller A, B and C locates in this order to the direction of increasing flow rate. This inclination seems to be reasonable, because of the values of design pressure ratio and flow rate, then the impeller diameter are in this order.
The pressure ratio is expressed by the flow rate as the following parabolic equation (1) .
(1) In that equation, y is the pressure ratio, x is the volume flow rate, and a is the coefficient The inlet-outlet pressure difference is equal to the pressure resistance of the test loop circulation. The pressure resistance of the test loop is proportional to the square of the fluid velocity. For one-series of tests, pressure ratio data are shown vs. the volume flow rate for the parameter of rotation rate in Fig.14 . Compressor inlet pressure conditions were more than 7.3 MPa in Fig. 14 . The test loop pressure resistance coefficient was changed by the flow control valve. Four different cases are shown in Fig. 14 . In these tests, the control valve was opened or closed gradually for the constant compressor rotation rate (170, 180, 190, 200Hz) . The loci show arc lines. In addition, each datum comes approximately just on the parabolic lines. These characteristics are coincident with the fundamental compressor theory, even if the compressor is operating near the critical point (12) .
Enthalpy rise dependency on pressure was examined based on the test data. The purpose of this is to confirm the compression work is minimized at the vicinity of critical pressure. Though the value of enthalpy rise can be calculated from the temperature and pressure data at the inlet and outlet, there was some problem in the calculation as pointed out later. Then, the value was estimated from the rotational speed. If slip factor and inlet velocity is neglected, the enthalpy given to the impeller equals to the square of the peripheral speed of impeller. This estimation is justified for the purpose of 6.5MPa) and supercritical condition (8MPa). Fig 15 shows that enthalpy rise needed to achieve the same pressure ratio is smaller in a supercritical condition (in the vicinity of critical point) than in sub-critical condition.
Analysis using 3-D CFD code CFX
Three-dimensional (3-D) CFD code CFX can calculate thermal hydraulic phenomena of turbo machinery. Compressor performance test data are evaluated using 3-D CFD code CFX (16) . The main compressor calculation model includes the inducer, shroud, impeller, and diffuser. The flow path is divided into numerous calculation meshes. Main input data code to calculate thermal hydraulics of each test data are compressor inlet total pressure, total temperature, and the flow rate and rotation rate. Outputs of calculated results are given for the compressor outlet pressure, temperature, velocity, and so on. Physical properties of CO 2 are obtained with the R-K model set in CFX code (17) . Supercritical and subcritical CO 2 conditions corresponding with impeller B compressor test data with impeller B test data were calculated using CFX code. The CFX calculations were done using three test cases, which were one supercritical condition and two sub-critical conditions of compressor inlet pressure. Calculated results and experimental results of compressor outlet pressure and temperature are presented in Table 5 . Pressure and temperature shown in Table 5 are in a static condition. Compressor outlet pressure differences between these three test data and calculation results are within 0.136 MPa, those temperature differences are within 0.4 K. Those differences are not so large, and the compressor outlet pressure and temperature difference between three test data and calculated results are not so large. Calculated pressure, temperature, and velocity under both a supercritical condition and a sub-critical condition are shown in Figs. 16~21. In these figures, streamwise location 1 is the impeller inlet and streamwise location 2 is the impeller outlet, and location 3 is diffuser outlet. Static pressure and temperature increase according to the streamwise location. behavior is observed for the enthalpy-temperature diagram. In the area near the critical point, the small difference of temperature leads to the large difference of entropy or enthalpy. Then, much more strict values are requested in the relation between temperature and entropy and also temperature and enthalpy. Physical properties in the vicinity of critical point and supercritical condition should be reevaluated.
Conclusions
A supercritical CO 2 compressor used near the critical point is a key component of sodium-cooled fast reactor supercritical CO 2 gas turbine systems. A supercritical CO 2 test apparatus with a small centrifugal compressor test model was constructed and tests data were obtained and the digital measured values are reported. The data were also evaluated using CFD code CFX. 1. Experimental data were obtained for a broad range from the sub-critical to the supercritical region using three different impellers. No unstable phenomenon was observed for the region with sharply changing CO 2 properties. 2. The non-dimensional speed and flow rate are effective also for the pressure from the sub-critical to supercritical. 3. The compressor pressure ratio for the rotation rate is expressed as a parabolic equation under a constant pressure loss coefficient and compressor inlet fluid condition. The loci show arc lines for a constant rotating speed. Compressor characteristics are coincident with the fundamental compressor theory, even if the compressor is operating in the vicinity of the critical point. 4. Compressor data show that the rotation rate is proportional to the mass flow rate. 5. Compressor experimental data were analyzed using 3-D CFD code CFX. Those CFX calculated results coincided well with experimental data. 6. Entropy, enthalpy, density, and specific heat change near the compressor rated operating condition are very sensitive to the temperature change. The accuracy of the measured temperature is important for compressor performance evaluation in the vicinity of the CO 2 critical point. 7. Reevaluation of physical properties of CO 2 in the vicinity of critical point and supercritical condition are recommended. 
